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Summary
Objective: To validate quantitative magnetic resonance imaging (qMRI) for the assessment of cartilage volume and thickness in thin and
curved cartilage layers, such as the shoulder.
Methods: Eight shoulder specimens from healthy individuals (aged 31–69 years) were investigated using a 3D gradient echo sequence with
selective water excitation. After segmentation with a B-spline Snake algorithm, the cartilage volume and thickness were determined three
dimensionally. The cartilage volume data were compared with water displacement of surgically removed tissue, and the thickness with
A-mode ultrasound.
Results: The glenoid and humeral head cartilage volume from qMRI agreed highly with that from water displacement (systematic difference,
±1 to ±3%; absolute difference, 4 to 7%). For the cartilage thickness, the mean systematic difference ranged from −17% (mean cartilage
thickness of the glenoid) to +7% (maximal cartilage thickness of the glenoid); the standard error of the estimate was 3.7% for the humeral
head, and 6.4% for the glenoid.
Conclusions: The applied technique can be used for accurate determination of cartilage volume and thickness in human joints with highly
curved and thin cartilage layers, such as the shoulder. In vivo application of this method will depend on the development of efficient surface
coils that allow high resolution imaging under in situ conditions.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Science Ltd. All rights reserved.
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Introduction
Osteoarthritis (OA) of the glenohumeral articulation is re-
sponsible for approximately 20% of the surgical interven-
tion at this joint in the elderly population1. The current
diagnostics of cartilage disease is based on clinical exami-
nation and conventional radiography, but both techniques
are not able to evaluate or visualize the cartilage directly.
Moreover, regional changes, such as posterior or superior
glenoid wear in primary OA or rotator cuff deficiency cannot
be quantified2,3. In vivo determination of cartilage thickness
in highly curved joint surfaces with thin cartilage layers
(such as the shoulder) is challenging, but of high interest, in
both basic and clinical research. Such data can be used to
create computer models of the joint (e.g., with the finite
element method), to study normal load transmission, to
simulate pathological loading conditions (e.g., impingement
syndrome or instability), and to examine alterations of these
loading conditions by surgical intervention. Patient-specific
models can thus help to preoperatively optimize the surgical
outcome by parametric analyses. Quantitative methods of
cartilage imaging are equally of interest to improve the
success of shoulder arthroplasty, to screen individuals
with high risk of cartilage wear, and to study the functional
adaptation processes of normal cartilage to increased or
decreased levels of mechanical loading. For instance, para-
plegic patients have been recently described to suffer from
mechanical overuse of the upper extremity after injury, par-
ticularly in the shoulder4, but it is currently unknown that to
what extent the shoulder cartilage is able to adapt to these
changes in this particular loading environment.
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Magnetic resonance (MR) imaging has been shown to be
capable of visualizing the cartilage directly and with high
contrast5–7. By applying three-dimensional (3D) post-
processing techniques, the cartilage volume and thickness
can be determined with a high degree of accuracy and
reproducibility6–10. However, most of these studies have
been performed at the knee joint, in which the cartilage
layers are relatively thick. In the glenohumeral joint, in
contrast, the articular surfaces are highly curved (particu-
larly the humeral head) and partial volume effects are
therefore more severe, due to non-orthogonal alignment of
the images with the surface. Moreover, the mean cartilage
thickness in the shoulder is only approximately 1–1.5 vs
2–3 mm in the knee7,11–13. This puts particular demands on
the spatial resolution of the image acquisition and on digital
postprocessing methods.
Previous attempts to quantify cartilage volume and thick-
ness in the shoulder have been unsatisfactory12, since
the resolution has been insufficient. Recently, however, a
specific MR imaging (MRI) sequence with selective water
excitation has been proposed14–18, which allows one to
substantially reduce the acquisition time and/or to increase
the spatial resolution at a given imaging time.
The objective of the current study was, therefore, to
apply this water-excitation sequence to the glenohumeral
joint, and to validate quantitative MRI measurements of
cartilage volume and thickness in cadaver joints with water
displacement of surgically removed tissue6,8,17,19 and with
A-mode ultrasound14,20.
Material and methods
MAGNETIC RESONANCE IMAGING
We examined eight cadaver shoulder specimens from
eight subjects (age, 31–69 years; mean age, 50.6 years;
two females and six males; four left and four right
shoulders) without signs of degenerative joint disease.
There were also no signs of joint instability (Bankart- or
Hill-Sachs lesion), rotator cuff tears, or other local or
systemic diseases of the musculoskeletal system. The
specimens were obtained within 48 h of death, stored at
−20° C, and thawed to room temperature before MRI.
Image acquisition was performed with a 1.5 T MR
scanner (Magnetom Vision, Siemens, Erlangen, Germany),
using a circularly polarized (CP) transmit receive extremity
coil. It is to be noted that with this particular coil, images
can be obtained in specimens, but not under in vivo
conditions, as the joint cannot be placed within the coil. The
CP coil was used in this study because no surface coil was
available at the time when the study was initiated, to run the
given MRI sequence. However, surface coils are under
development and have been successfully used by others
for joint imaging in vivo (e.g., reference 21). Coronal
images were obtained perpendicular to the glenoid cavity
(Fig. 1), using a 3D gradient echo sequence (FLASH, fast
low angle shot) with selective water excitation (TR=18 ms;
TE=9 ms; FA=25°). The section thickness was 1 mm, the
in-plane resolution 0.25 mm×0.25 mm (field of view,
128 mm; matrix, 512×512 pixels), and the imaging time
(NEX=2) 19 min.
DIGITAL POSTPROCESSING
The MR data were digitally transferred to a multiprocess-
ing computer (Octane Duo, Silicon Graphics, Mountain
View, CA). They were linearly interpolated to a nominal
in-plane resolution of 0.125×0.125 mm2, as previously de-
scribed14,18, to make use of the effect of sub-pixel resol-
ution. The cartilages of both the humeral head and the
glenoid cavity were segmented with a B-spline Snake
algorithm22, a technique that simultaneously exploits
Fig. 1. Typical MRI in an oblique coronal orientation using a T1-weighted water-excitation sequence. The cartilage is shown bright and the
bone, black.
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model- and image-based approaches, and has been
shown to display a higher inter-observer precision than
manual segmentation. After interpolation to isotropic
voxels, the cartilages were reconstructed three dimension-
ally (Fig. 2). The mean and the maximal cartilage thickness
were determined by using a 3D Euclidean distance trans-
formation algorithm23, which, at the given resolution, com-
putes the thickness at 6400 locations per cm2. The regional
cartilage thickness distribution was finally visualized by
mapping color-coded thickness intervals of 0.45 mm on to
the 3D reconstructed articular surfaces (Fig. 3).
VALIDATION OF CARTILAGE VOLUME AND THICKNESS
MEASUREMENTS
For validating the cartilage thickness measurements, the
shoulder joints were disarticulated and the soft tissues
(including the glenoid labrum) were removed. An A-mode
ultrasound system (Digital Biometric Ruler, DBR 300,
Lu¨neburg, Germany) was used14,20,24,25 to measure the
cartilage thickness at 91 defined points of the humeral head
and at 25 points of the glenoid cavity. The joint components
were placed in Ringer solution and the cartilage thickness
was measured perpendicular to the joint surface. The
cartilage thickness was calculated as the difference of the
ultrasound signal reflected at the articular surface and that
Fig. 2. The 3D reconstruction of the cartilage layers of (a) the
humeral head and (b) the glenoid cavity. The bone is visualized in
white and the cartilage in dark gray.
Fig. 3. Cartilage thickness distribution demonstrated in color-coded
(low cartilage thickness is visualized in blue, the thicker areas in
red, and the thickest areas in gray and black. (a) Humeral head, (b)
glenoid cavity.
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at the bone cartilage interface, the velocity being set to
1780 m/s25, 26.
For validating the cartilage volume measurements, the
cartilage was surgically removed from the underlying
bone6,8,17,19, and its volume was determined by water
displacement and the principle of Archimedes, using a high
precision laboratory scale (Mettler PM 100, Mettler Waagen
GmbH, Giessen, Germany). To minimize the problem of air
bubbles, the syringe that contained the solution and the
cartilage was put under vacuum27.
STATISTICS
While comparing different methodologies, investigators
often report the coefficient of correlation between two types
of measurement. However, this type of analysis does not
account for systematic errors between two methodologies
and is only useful if there exists a wide range of data, that
is a large difference between the measured maximal and
minimal values28.
For this reason, we directly compared the data between
different methods on a pairwise basis and report the
systematic deviations (average of pairwise differences
without eliminating the ± signs) and the absolute or random
deviations (average of pairwise differences after elimination
of the ± signs). The level of significance of potential
systematic differences was assessed with the Wilcoxon
signed rank test. To analyze the linear relationship between
techniques, we employed simple regression analysis. Cor-
relation coefficients will only be reported for the cartilage
volume, as large differences in the measurements were
observed between subjects. Because the cartilage thick-
ness, in contrast, was very similar between all specimens,
we report the standard error of the estimate (SEE in %) that
describes the error while estimating a value of y for a given
value of x, but is independent on the range of values
measured.
Results
CARTILAGE VOLUME
The total volume of the glenohumeral joint as determined
with quantitative MRI (qMRI) varied between 3.51 and
6.35 ml, the mean value being 5.16±0.97 ml and the rela-
tive standard deviation (CV%) 19%. Values of the glenoid
and humeral head are reported in Table I.
Table I
Individual and mean cartilage volumes determined by MRI and water displacement (comparison between both methods by calculating the
absolute and systematic difference)
Cartilage MRI Water displacement Systematic difference Absolute difference (%)
in ml in %
Humeral head
P. 1 2.62 2.48 0.13 5.3 5.3
P. 2 3.47 3.28 0.19 5.9 5.9
P. 3 2.92 2.97 −0.05 −1.8 1.8
P. 4 3.18 3.29 −0.11 −3.3 3.3
P. 5 4.02 3.89 0.13 3.3 3.3
P. 6 4.34 3.97 0.38 9.5 9.5
P. 7 3.60 3.50 0.10 2.9 2.9
P. 8 3.93 3.91 0.02 0.5 0.5
Mean 3.51 3.41 0.10 2.8 4.1
SD 0.58 0.52 0.15 4.22 2.80
Glenoid cavity
P. 1 0.90 0.90 −0.00 −0.3 0.3
P. 2 1.66 1.76 −0.10 −5.6 5.6
P. 3 1.22 1.31 −0.09 −6.8 6.8
P. 4 1.66 1.70 −0.04 −2.7 2.7
P. 5 1.97 2.16 −0.19 −8.9 8.9
P. 6 2.00 1.88 0.12 6.3 6.3
P. 7 1.77 1.49 0.28 19.3 19.3
P. 8 2.02 1.89 0.13 7.0 7.0
Mean 1.65 1.64 0.01 1.1 7.1
SD 0.40 0.39 0.16 9.39 5.63
Total shoulder
P. 1 3.52 3.39 0.13 3.8 3.8
P. 2 5.13 5.04 0.09 1.9 1.9
P. 3 4.14 4.28 −0.14 −3.3 3.3
P. 4 4.84 4.99 −0.15 −3.1 3.1
P. 5 5.99 6.05 −0.06 −1.0 1.0
P. 6 6.35 5.85 0.50 8.5 8.5
P. 7 5.37 4.98 0.39 7.8 7.8
P. 8 5.94 5.79 0.15 2.6 2.6
Mean 5.16 5.05 0.11 2.1 4.0
SD 0.97 0.89 0.24 4.51 2.71
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The qMRI analysis agreed very well with the water
displacement of surgically removed tissue, the mean
systematic difference of qMRI vs the latter was +2.1%
(+113 mm3, no statistical difference), and the random
difference 4±2.7% (Table I). Linear regression analysis
revealed a correlation coefficient of 0.97, and an SEE of
4.9%. In the humeral head, the mean systematic difference
was +3% (+99 mm3, no statistical difference), the mean
random difference 4±3% (Table I), the correlation coef-
ficient 0.97, and the SEE 4.5%. For the glenoid cavity,
values amounted to +1% (+14 mm3, no statistical differ-
ence), to 7±6% (Table I), to 0.92 (r), and to 10.1% (SEE%).
CARTILAGE THICKNESS
MR-based assessment of the mean cartilage thickness
revealed values of 1.2±0.09 mm (CV=8%) for the humeral
head and of 1.7±0.13 mm (CV=8%) for the glenoid cavity
(Table II). In the humerus, the thickness was significantly
underestimated relative to A-mode ultrasound (−16%;
−0.23 mm; p<0.01). In the glenoid cavity also the values
were underestimated (−17%, −0.44 mm), but this was not
statistically significant (Table II). The random difference in
the humeral head was 16±8%, (SEE=6.4%), and in the
glenoid cavity was 21±16% (SEE=4.6%).
The maximal cartilage thickness of the humeral head
attained values of 2.3±0.1 mm and were localized in the
center of the joint surface. In the glenoid cavity, in contrast,
values (3.1±0.1 mm) were localized to the periphery of the
joint surface (Fig. 3). Comparison with A-mode ultrasound
showed no statistically significant differences between the
methods (Table III).
Discussion
In this study, we applied and validated a high-resolution
MRI and postprocessing technique for the analysis of
curved and thin cartilage layers, specifically in the human
shoulder. We find a high degree of agreement between the
quantitative MRI-based cartilage volume measurement and
a water-displacement technique. The mean cartilage thick-
ness was underestimated by MRI in relation to A-mode
ultrasound, while no significant differences between the
methods were noted for the maximal cartilage thickness.
The low standard error between MRI and A-mode ultra-
sound shows that acceptable results can also be obtained
for measuring the mean and the maximal cartilage thick-
ness of shoulder joint surfaces.
The glenohumeral joint displays highly curved surfaces,
the humeral head having been described to be almost
spherical11. Moreover, the cartilage thickness in the shoul-
der is much lower than in the knee7,11,14. Both issues are
challenging in the context of quantitative MRI of articular
cartilage, as the images at the periphery of the humeral
head will inevitably cut obliquely through the cartilage
layer. Although the postprocessing technique employed in
this study permits 3D measurements (independent of the
specific section plane), this nevertheless involves more
severe partial volume effects at the articular surface and
bone cartilage interface than in flat joint surfaces, such as
the patella. Moreover, the higher degree of congruency
between the humeral head and the glenoid cavity can make
it difficult to distinguish between the both surfaces. This
problem may be partially solved by distracting the joint
during in vivo imaging. Owing to insufficient resolution,
previous studies on the glenohumeral joint12 have reported
Table II
Individual mean cartilage thickness, absolute and systematic differences of the humeral head and the glenoid cavity determined by magnetic
resonance imaging (MRI) and A-mode ultrasound
Cartilage MRI A-mode ultrasound Systematic difference Absolute difference (%)
in ml in %
Humeral head
P. 1 1.2 1.5 −0.3 −20.6 20.6
P. 2 1.2 1.2 −0.0 −2.5 2.5
P. 3 1.2 1.6 −0.4 −24.0 24.0
P. 4 1.2 1.3 −0.1 −11.9 11.9
P. 5 1.2 1.4 −0.2 −16.9 16.9
P. 6 1.3 1.5 −0.2 −14.1 14.1
P. 7 1.2 1.4 −0.2 −8.6 8.6
P. 8 1.0 1.3 −0.3 −26.4 26.4
Mean 1.2 1.4 −0.2 −15.6 15.6
SD 0.09 0.12 0.12 8.04 8.04
Glenoid cavity
P. 1 1.8 2.1 −0.3 −16.4 16.4
P. 2 1.5 2.9 −1.4 −48.3 48.3
P. 3 1.6 2.7 −1.1 −39.9 39.9
P. 4 1.7 2.3 −0.6 −25.0 25.0
P. 5 1.9 1.7 0.2 16.3 16.3
P. 6 1.7 1.8 −0.1 −3.9 3.9
P. 7 1.9 1.9 −0.0 −1.6 1.6
P. 8 1.6 1.8 −0.2 −13.9 13.9
Mean 1.7 2.2 −0.4 −16.6 20.7
SD 0.13 0.46 0.57 21.03 16.4
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unsatisfactory correlation between quantitative measure-
ments from MRI and anatomical sections. One way to
overcome these problems is to increase the in-plane resol-
ution and to minimize the slice thickness. Therefore, we
applied an MR sequence with an in-plane resolution of
0.25 mm and a slice thickness of only 1 mm. The use of a
T1-weighted, selective water-excitation sequence permits
to obtain this resolution at a clinically acceptable imaging
time, with satisfactory signal- and contrast-to-noise ratios
between the cartilage and its surrounding tissues. This
technique has been previously applied and validated in the
elbow joint14, this joint demonstrating similar cartilage thick-
ness as the shoulder, but a smaller degree of curvature and
sphericity. Similar imaging problems exist at the human hip,
where OA is even more frequent. The current study is,
therefore, also of relevance to qMRI analyses of other joints
of similar geometry.
Water displacement of surgically removed tissue repre-
sents an established method for measuring cartilage vol-
ume6,8,17,19. The large difference in mechanical properties
between the cartilage and the sub-chondral bone makes
this technique reliable, although it is not entirely known
whether only the non-calcified cartilage or the calcified
cartilage also is removed. Another potential source of error
with the water-displacement method is the inclusion of
small air bubbles while measuring the water displacement
of the tissue. Therefore, the syringe was degassed before
the measurement, and a small amount of tensid was
added27.
Various in vitro techniques have been proposed for
measuring cartilage thickness, such as anatomical sec-
tions30,31, needle probe testing32, stereophotogramme-
try11,33, and A-mode ultrasound25,26,29,34. The latter is
relatively straightforward, displays a very high spatial resol-
ution, and has been shown to be accurate by different
authors25,26,29. When comparing cartilage thickness values
between qMRI and A-mode ultrasound, it should be kept in
mind that with qMRI, the thickness was determined at 6400
sites per cm2, whereas much fewer locations are measured
with ultrasound. This may, in part, explain the lower values
with qMRI in the humeral head, as the analysis also
involved the edges of the surface with thinner cartilage,
whereas A-mode ultrasound could only be measured within
the surface. It is, therefore, not surprising that the system-
atic and random pairwise errors between the methodolo-
gies were larger for thickness (A-mode ultrasound) than for
volume measurements (water displacement). However, the
SEE for cartilage thickness was in the range of that for the
cartilage volume, indicating that the error between tech-
niques was similar for both parameters. When comparing
our results for the mean cartilage thickness in the shoulder
with those of other researchers who have used stereo-
photogrammetry11, anatomical sections12, and MR-
arthrography13, we find good agreement with the values
given in the literature. Soslowsky et al.11, for example,
reported somewhat higher values for mean and maximum
cartilage thickness in the shoulder using stereophotogram-
metry (humerus: mean, 1.44 vs 1.2 mm; maximum, 2.03 vs
2.3 mm in our study and glenoid cavity: mean, 2.16 vs
1.7 mm; maximum, 3.81 vs 3.1 mm).
There are some limitations to this study, which should be
considered. First is that a CP coil was used, which cannot
applied in vivo. However, efficient surface coils for joint
imaging are under development and may permit to obtain
comparable images with the current imaging sequence in
the living. Second, the in vivo precision of the protocol
could not be established for the reasons earlier stated. In
the joints of the hind foot, we have, however, applied the
same imaging protocol and postprocessing technique
and have obtained satisfactory precision for quantitative
cartilage analyses of cartilages of similar or even smaller
thickness in vivo18. Although this is no replacement for a
Table III
Individual, maximal cartilage thickness, absolute and systematic differences of the humeral head and the glenoid cavity determined by
magnetic resonance imaging (MRI) and A-mode ultrasound
Cartilage MRI A-mode ultrasound Systematic difference Absolute difference (%)
in ml in %
Humeral head
P. 1 2.1 2.1 0.0 0.9 0.9
P. 2 2.3 2.5 −0.2 −6.0 6.0
P. 3 2.3 2.4 −0.1 −2.1 2.1
P. 4 2.4 2.1 0.3 14.6 14.6
P. 5 2.2 1.8 0.4 20.2 20.2
P. 6 2.5 2.3 0.2 11.1 11.1
P. 7 2.2 1.8 0.4 25.0 25.0
P. 8 2.2 1.9 0.3 18.9 18.9
Mean 2.3 2.1 0.2 10.3 12.4
SD 0.13 0.26 0.22 11.45 8.85
Glenoid cavity
P. 1 2.9 3.0 −0.1 −2.7 2.7
P. 2 3.0 3.8 −0.8 −21.1 21.1
P. 3 3.1 3.4 −0.3 −8.6 8.6
P. 4 3.1 2.9 0.2 8.0 8.0
P. 5 3.1 2.1 1.0 47.6 47.6
P. 6 3.2 2.5 0.7 28.0 28.0
P. 7 3.2 3.3 −0.1 −3.9 3.9
P. 8 3.2 3.0 0.2 6.3 6.3
Mean 3.1 3.0 0.1 6.7 15.8
SD 0.11 0.53 0.57 21.82 15.61
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separate precision study in the human shoulder, the find-
ings indicate that it is possible to obtain reproducible data in
thin cartilage layers at the given imaging time in principle.
Third, the analysis was confined to healthy joints. In the
proximal tibia, Burgkart et al.17 have recently shown that
valid estimates of cartilage volume with the given imaging
protocol can also be obtained in vivo in conditions of severe
joint disease. They compared qMRI measurements before
knee arthroplasty with water displacement of surgically
removed tissue postoperatively and found high agreement.
These results indicate that application of the technique can
be extended to the study of joint disease. As outlined earlier
in the discussion, however, there exist a multitude of
applications to joints with healthy cartilage also, for which
this study provides a validated protocol.
In conclusion, this article presents a first step towards
qMRI in joints with highly curved and thin cartilage layers,
specifically the human shoulder. We applied a high resol-
ution MRI protocol and an established 3D postprocessing
technique, to analyze the cartilage thickness and volume of
the glenohumeral joint. We provide quantitative data for
these surfaces that are in agreement with those of in vitro
studies in the literature, and we find satisfactory agreement
on direct comparison with water displacement of surgically
removed tissue (cartilage volume) and A-mode ultrasound
(cartilage thickness). Quantitative in vivo measurements
are relevant both in diseased and healthy human joints, for
instance, in screening, diagnosing, and monitoring the
progression of OA, and in evaluating various therapeutic
approaches to the cartilage. Further applications involve
the investigations of functional adaptation processes to
mechanical loading, the construction of a computer model
to study load transmission through the joint, optimization of
surgical procedures preoperatively, and an improvement
of shoulder arthroplasty.
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